In this paper, we prepared mesoporous nickel cobaltite (NiCo 2 O 4 ) nanostructures with multi-morphologies by simple solvothermal and subsequent heat treatment. By adjusting the solvent type, mesoporous NiCo 2 O 4 nanoparticles, nanorods, nanowires, and microspheres were easily prepared. The as-prepared products were systematically characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and Brunauer-Emmett-Teller (BET) method. Furthermore, the catalytic activities towards the thermal decomposition of ammonium perchlorate (AP) of as-prepared NiCo 2 O 4 nanostructures were investigated.
Introduction
It is well known that the properties of materials are closely related to their structures and morphologies [1] . Recently, the controlled synthesis of mesoporous structures has become one of the hotspots in the research of new functional materials [2] . The reason is that the mesoporous structure can provide electron or ion transport channels, more reactive sites, and transport channels of reactants, which makes this structure applied in many important fields [3] . As an important functional material, spinel nickel cobaltite (NiCo 2 O 4 ) has been intensively applied in electrochemical and catalytic fields due to its good electronic conductivity, multiple convertible valence state, and excellent electrochemical and catalytic activity [4] [5] [6] . Hence, the fabrication of mesoporous nanostructure of NiCo 2 O 4 has attracted much attention.
To date, various mesoporous NiCo 2 O 4 nanostructures have been widely investigated and demonstrated significantly improved properties. For example, Huang et al. prepared mesoporous NiCo 2 O 4 nanoparticles by the chemical deposition method and demonstrated their improved electrochemical activity towards urea electro-oxidation [7] . Karunakaran et al. synthesized mesoporous NiCo 2 O 4 nanoparticles via an ascorbic acid-assisted co-precipitation method, which exhibited enhanced lithium storage properties [8] . Samantara et al. reported mesoporous NiCo 2 O 4 nanorods grown on reduced graphene oxide sheets as dual-functional electrode material for supercapacitor and electrochemical oxygen evolution reactions [9] . Saraf et al. reported a facile two-step method to synthesize mesoporous NiCo 2 O 4 nanorods with improved properties for glucose sensors and supercapacitors [10] . Wang et al. obtained mesoporous NiCo 2 O 4 nanowires by hydrothermal impregnation method using SBA-15 as template. The mesoporous NiCo 2 O 4 nanowires exhibited excellent pseudo capacitance and good cycling stability when used as supercapacitor electrode material [11] . Khalid et al. reported a microwave-assisted method to synthesize mesoporous NiCo 2 O 4 microspheres and studied their promising application in asymmetric and symmetric supercapacitors [12] . Despite the considerable progress that has been made, the majority of methods can only prepare specific mesoporous NiCo 2 O 4 nanomaterials, which makes the preparation of mesoporous NiCo 2 O 4 nanomaterials with multi-morphologies complicated and costly. Therefore, it is crucial to find a simple approach to mesoporous NiCo 2 O 4 nanomaterials with multi-morphologies.
In this work, based on simple solvothermal and subsequent heat treatment, we successfully synthesized mesoporous NiCo 2 O 4 nanoparticles, nanorods, nanowires, and microspheres by adjusting the types of reaction solvents. When used as additives for ammonium perchlorate (AP), these mesoporous NiCo 2 O 4 nanostructures exhibited apparent catalytic activities by accelerating the thermal decomposition of AP.
Materials and Methods

Sample Preparation
In the experiment, NiCo 2 O 4 nanostructures were synthesized by simple solvothermal and subsequent heat treatment. Nickel acetate tetrahydrate (C 4 H 6 NiO 4 ·4H 2 O) and cobalt acetate tetrahydrate (C 4 H 6 CoO 4 ·4H 2 O) were used as Ni source and Co source, respectively. Urea (CO(NH 2 ) 2 ) was used as the mineralizer. Deionized water (H 2 O), ethanol, glycerol, and tetraetylene glycol (TEG) were used as reaction solvents. The typical synthesis process can be described as follows: 1 mmol C 4 H 6 NiO 4 ·4H 2 O and 2 mmol C 4 H 6 CoO 4 ·4H 2 O were dissolved in 40 mL prefabricated reaction solvents to form mixed solution of metal ions, then 7 mmol CO(NH 2 ) 2 was added to the mixed solution under vigorous stirring to form suspension. The suspension was sealed and transferred to a 60 mL Teflon-lined stainless-steel autoclave. The autoclave was then heated at 180 • C for 4 h. The resultant products were collected, washed by ethanol and water, and then dried in 80 • C for 8 h in air. Finally, the dried products were put into a furnace and heat-treated in air at 500 • C for 1 h, and then mesoporous NiCo 2 O 4 nanostructures were obtained. In the experiment, the prefabricated reaction solvents are the mixture of ethanol and deionized water (volume ration = 3:1), deionized water, the mixture of glycerol and deionized water (volume ration = 3:1), or the mixture of TEG and deionized water (volume ration = 3:1). By adjusting the type of prefabricated reaction solvents, NiCo 2 O 4 nanoparticles, nanorods, nanowires, and microspheres could be prepared. The synthesis process and experimental details are shown in Figure 1 .
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Sample Characterization
The phase structure and microstructure of the samples were measured by X-ray diffraction (XRD, MiniFlex II, Rigaku, Tokyo, Japan) and transmission electron microscopy (TEM, JEM-2010, JEOL, Tokyo, Japan), respectively. The morphology and elemental distribution of the samples were measured Appl. Sci. 2019, 9, 1100 3 of 10 by scanning electron microscopy (SEM, JSM-6700-F, JEOL, Tokyo, Japan), and energy dispersive spectrometer (EDS, Oxford INCA Energy 250, Oxford Instruments, Abingdon, UK), respectively. Chemical composition and valence state of the samples were analyzed by X-ray photoelectron spectroscopy (XPS, ESCA-LAB250XI, Waltham, MA, USA) with a monochromatic Al Ka X-ray source. The pore size distribution and specific surface area were obtained by the surface area and porosity analyzer (ASAP2460, Micromeritics, Norcross, GA, USA), using Barrett-Joyner-Halenda (BJH) model and Brunauer-Emmett-Teller (BET) method, respectively.
Catalytic Activity Test
The catalytic activity of as-prepared NiCo 2 O 4 nanostructures were evaluated by differential scanning calorimeter (DSC, Netzsch Model STA449F3). The DSC-TGA experiments were described as follows: AP (98 wt%) and as-prepared NiCo 2 O 4 (2 wt%) nanostructures were mixed in agate mortar by grinding for 10 min to obtain the target samples, and then a total mass of 5 mg for each target sample was put into an open alumina crucible, which was heated at heating rates of 5-25 • C min −1 in N 2 atmosphere over a temperature range of 30-500 • C.
Results and Discussion
Morphology, Microstructure, and Composition Characterizations
The morphologies of as-prepared NiCo 2 O 4 nanostructures were characterized by SEM, as shown in The crystalline structure and phase composition of as-prepared NiCo2O4 nanostructures were analyzed by XRD (Cu Kα, λ = 0.15406 nm). Figure 3a shows that all samples exhibited similar diffraction peaks, which matched well with the standard diffraction data (PDF. No. 73-1702) for spinel structured NiCo2O4 phase [13] . All diffraction peaks correspond to the (220), (311), (333), (400), (422), (511), and (440) crystal planes of spinel structure NiCo2O4. The lattice parameters (a) of as-prepared NiCo2O4 nanoparticles, nanorods, nanowires, and microspheres were calculated by the The crystalline structure and phase composition of as-prepared NiCo2O4 nanostructures were analyzed by XRD (Cu Kα, λ = 0.15406 nm). Figure 3a shows that all samples exhibited similar diffraction peaks, which matched well with the standard diffraction data (PDF. No. 73-1702) for spinel structured NiCo2O4 phase [13] . All diffraction peaks correspond to the (220), (311), (333), (400), (422), (511), and (440) crystal planes of spinel structure NiCo2O4. The lattice parameters (a) of as-prepared NiCo2O4 nanoparticles, nanorods, nanowires, and microspheres were calculated by the XRD data, which are 0.8113, 0.8116, 0.8112, and 0.8111 nm, respectively. All calculated lattice parameters are closed to the lattice parameter a = 0.8114 nm in the standard data (PDF. No. 73-1702) for spinel structured NiCo2O4 phase. No other diffraction peaks of impurities phase were observed. It indicated that pure phase of spinel structured NiCo2O4 are obtained by our synthesis method. The typical spinel structure of NiCo2O4 is illustrated in Figure 3b . To further investigate the microstructural information of as-prepared NiCo 2 O 4 nanowires sample, TEM, high-resolution TEM (HRTEM), and selected area electron (SAED) patterns were measured and the results are shown in Figure 4 . Figure 4a shows that as-prepared NiCo 2 O 4 nanowires sample was composed of nanoparticles of 20-30 nm in diameter, which were connected to one another to form nanowire-like structure. The SAED pattern indicated good polycrystallinity of the sample (inset in Figure 4b ). Figure 4c is the HRTEM image of enlarged part marked by red square in Figure 4b . It reveals distinct lattice lines with spacings of 0.286 and 0.244 nm according to the HRTEM measurement and subsequent calculation by the software of Digital Micrograph (Gatan Inc., Pleasanton, CA) applied in the HRTEM, which are corresponding to the (220) and (311) planes of spinel structure NiCo 2 O 4 , respectively [14] . The corresponding elemental mapping (Figure 4d [16] . The O 1s spectrum (Figure 5d ) can be fitted to four peaks at 529.5, 530.9, 531.9, and 533.3 eV, which correspond to metal-oxygen bonds, oxygen in hydroxyl groups, oxygen defects, and surface adsorbed water, respectively [17] . These results confirmed the formation of spinel NiCo 2 O 4 phase, consistent with the XRD and TEM results.
Since the gases produced during AP thermal decomposition mainly react on the surface of additives, and the gases are diffused through open pores rather than closed pores, the properties of catalytic additives depend on the surface area and open porosities. The surface areas and open porosities of the samples were studied by the surface area and porosity analyzer, and the results are illustrated in Figure 6 . The surface areas were calculated by BET method, which are 34.3, 39.3, 43.7, and 30.1 m 2 /g for as-prepared NiCo 2 O 4 nanoparticles, nanorods, nanowires, and microspheres, respectively. The absorption-desorption isothermals curves of as-prepared NiCo 2 O 4 nanostructures are shown in Figure 6a . All samples show a typical IV type isotherm with a H2 hysteresis loop according to IUPAC [18] , indicating the mesoporous characteristic of the samples. Figure 6b shows the pore size distribution curves of the samples determined from the desorption branches. All samples exhibited mesoscale pores range from 2-20 nm, with a peak centered around 2.5 nm. Therefore, all as-prepared NiCo 2 O 4 samples possess mesoporous structure. 
Catalytic Activities
AP is a common oxidant for composite solid propellants and its thermal decomposition can be divided into two stages: low-temperature decomposition (LTD) stage and high-temperature decomposition (HTD) stage [19] . The LTD stage usually occurs around 290-330 °C and the HTD stage usually occurs around 350-450 °C. The LTD stage involves the reaction process taking place at the local sites on the surface of AP crystal. During the reaction process, AP is dissociated by proton transfer to form NH3 and HClO4, which will adsorb on the surface of AP and react with each other. Because NH3 adsorbed at low temperature cannot be completely oxidized by the decomposition products of HClO4, NH3 continuously covers the AP crystal surface with the decomposition process. If NH3 covers all the activation centers (reaction centers) on the surface of AP, the decomposition process will stop. With the increase of temperatures, the HTD stage begins. The adsorbed NH3 would release from the surface of AP and thus potential reaction centers are reactivated. At the same time, partial liquefaction of AP produces more NH3 and HClO4, which makes the reaction take place in the whole condensate phase, and the reaction becomes more intense. The catalytic activities of as-prepared mesoporous NiCo2O4 nanostructures towards AP thermal decomposition were analyzed by DSC, and the results are shown in Figure 7 . As shown in Figure 7a , pure AP sample shows two endothermal peaks at about 242.2 °C and 411.6 °C. The first endothermal peak at 
AP is a common oxidant for composite solid propellants and its thermal decomposition can be divided into two stages: low-temperature decomposition (LTD) stage and high-temperature decomposition (HTD) stage [19] . The LTD stage usually occurs around 290-330 • C and the HTD stage usually occurs around 350-450 • C. The LTD stage involves the reaction process taking place at the local sites on the surface of AP crystal. During the reaction process, AP is dissociated by proton transfer to form NH 3 and HClO 4 , which will adsorb on the surface of AP and react with each other. Because NH 3 adsorbed at low temperature cannot be completely oxidized by the decomposition products of HClO 4 , NH 3 continuously covers the AP crystal surface with the decomposition process. If NH 3 covers all the activation centers (reaction centers) on the surface of AP, the decomposition process will stop. With the increase of temperatures, the HTD stage begins. The adsorbed NH 3 would release from the surface of AP and thus potential reaction centers are reactivated. At the same time, partial liquefaction of AP produces more NH 3 and HClO 4 , which makes the reaction take place in the whole condensate phase, and the reaction becomes more intense. The catalytic activities of as-prepared mesoporous NiCo 2 O 4 nanostructures towards AP thermal decomposition were analyzed by DSC, and the results are shown in Figure 7 . As shown in Figure 7a , pure AP sample shows two endothermal peaks at about 242.2 • C and 411.6 • C. The first endothermal peak at 242.2 • C corresponds to the phase transformation of AP and the second endothermal peak corresponds to the HTD stage of AP. It is noted that no apparent peak corresponding to the LTD stage is observed, which may be ascribed to the particle size effect of AP crystal. Previous studies have reported that the LTD stage is closely related to the particle size of AP [20, 21] . For AP crystals with large particle size, there is a large internal stress in the crystal itself. During LTD stage, the accumulation of adsorbed reaction products, such as NH 3 and HClO 4 , increases the internal stress and promotes the breakdown of large crystals to form smaller crystals. The newly formed crystals can provide larger specific surface area to react, which makes LTD intensely. However, the internal stress of fine AP particles is small, and the accumulation of adsorbed reaction products is not enough to make AP particles break down to form smaller particles. Therefore, the initial decomposition of NH 3 quickly covers the surface of small particles, so that no obvious first stage decomposition of fine AP particles can be seen. When 2 wt% as-prepared NiCo 2 O 4 nanostructures were used as additives, all curves exhibited similar crystal transformation temperature at around 242.2 • C. It indicates that NiCo 2 O 4 additives did not affect the crystal transformation of AP, consistent with previous reports [22] . However, the HTD peaks shifted towards lower temperature and became exothermic type instead of endothermic, as one observed in pure AP. It has been well documented that the HTD process of pure AP can be either exothermic or endothermic, depending on the use of lids [23, 24] . When the sample container with lid was used, the HTD process was the exothermic type; while the sample container without lid was used, the HTD process would be the endothermic type. In our experiment, open alumina crucibles without lids were used, so the HTD process is endothermic for pure AP. After adding NiCo 2 O 4 nanostructures as catalytic additives, the HTD process of AP were catalyzed by NiCo 2 O 4 additives, which made the reaction intensify to release reaction heat and thus the HTD process became exothermic. on the use of lids [23, 24] . When the sample container with lid was used, the HTD process was the exothermic type; while the sample container without lid was used, the HTD process would be the endothermic type. In our experiment, open alumina crucibles without lids were used, so the HTD process is endothermic for pure AP. After adding NiCo2O4 nanostructures as catalytic additives, the HTD process of AP were catalyzed by NiCo2O4 additives, which made the reaction intensify to release reaction heat and thus the HTD process became exothermic. Figure 7b shows the HTD temperatures of all samples. In comparison with the HTD temperature of pure AP, those of the mixtures were greatly decreased. This indicates that all mesoporous NiCo2O4 nanostructures showed obvious catalytic activity towards the thermal decomposition of AP. In particular, the as-prepared NiCo2O4 nanowires exhibited the lowest HTD temperature of 312.3 °C, which decreased the HTD temperature of AP by 99.3 °C. The catalytic activity toward AP thermal decomposition of the as-prepared NiCo2O4 nanowires is much better than other reported metal oxides, such as CuO nanocomposites [25] , Co3O4 nanowires [26] , NiO nanostructures [27] , and NiCo2O4 superstructures [28] . Therefore, the as-prepared NiCo2O4 nanowires can be an effective additive to catalyze the HTD process of AP thermal decomposition.
The activation energy of AP mixing with as-prepared NiCo2O4 nanowires was further studied by the thermal behavior of the mixture at different heating rates. For each given heating rate, a 5 mg superstructures [28] . Therefore, the as-prepared NiCo 2 O 4 nanowires can be an effective additive to catalyze the HTD process of AP thermal decomposition.
The activation energy of AP mixing with as-prepared NiCo 2 O 4 nanowires was further studied by the thermal behavior of the mixture at different heating rates. For each given heating rate, a 5 mg mixture of AP and as-prepared NiCo 2 O 4 nanowires was used separately. The results are shown in Figure 8 . As can be seen, the crystal transformation temperature of AP is independent on heating rate, which remained as 242.2 • C (Figure 8a) . Comparatively, the HTD temperature of the AP shifted toward higher temperature with the increasing heating rates from 10 to 30 K/min. According to the Kissinger correlation [29] , the activation energy (E a ) can be calculated by fitting the slope of the plot of ln(β/T p 2 ) as a function of 1/T p , where β is the heating rate and T p is the HTD temperature. Figure 8b shows the plot of ln(β/T p 2 ) as a function of 1/T p based on the data in Figure 8a . The E a was calculated to be 317 kJ mol −1 , which is larger than reported activation energy (100-130 kJ mol −1 ) of pure AP [30] . The increased activation energy for AP decomposition has been observed in several metal oxide additives such as CoO [24] , CuO [31] , and MgAl 2 O 4 [32] , which is ascribed to the kinetic compensation effect [31] . Though it appears that adding as-prepared NiCo 2 O 4 nanowires increases rather than decreases the activation energy (energy barrier) of the AP decomposition reaction, we may conclude that the as-prepared NiCo 2 O 4 nanowires is an effective additive which decreased the HTD temperature of AP by 99.3 • C. Though the reaction mechanism of AP thermal decomposition is complicated, it is anticipated that the excellent catalytic activity of as-prepared NiCo 2 O 4 nanowires is due to their large surface and unique mesoporous nanostructures, which facilitates the gas diffusion and provides more active sites for AP thermal decomposition [30] . In addition, the multiple convertible valence state of Ni and Co atom could promote ammonia oxidation and the dissociation of ClO 4 − species [28] .
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Conclusions
In this study, mesoporous NiCo2O4 nanostructures were prepared by simple solvothermal and subsequent heat treatment. Mesoporous NiCo2O4 nanoparticles, nanorods, nanowires, and microspheres could be easily obtained by using ethanol/deionized water, deionized water, TEG/deionized water, and glycerol/deionized water as the reaction solvent, respectively. When used as catalytic additive for the thermal decomposition of AP, the as-prepared NiCo2O4 nanostructures apparently decreased the HTD temperature of AP thermal decomposition. Among all the products, the NiCo2O4 nanowires demonstrated the superior catalytic activity, which decreased the HTD temperature of AP by 99.3°C and exhibited the activation energy of 317 kJ/mol. Therefore, the method reported here would provide a straightforward and scalable way to synthesize mesoporous NiCo2O4 nanostructures with multi-morphologies, and the NiCo2O4 nanowires could be a promising catalytic additive for the thermal decomposition of AP.
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